The current-voltage characteristics were computed for values of A = 10 2 A cm-2 , ¢>Bn = 0.7 eV,6.7 and n = 2.2 for bias voltages in the range 1. 7-2 V, this being the range for which n = 2.2 was obtained.
We have produced very small (200 X 200 X 60 nm) superconducting microbridges in which the bridges are made from a normal metal. The critical-current-vs-temperature curves can be fit very well by theoretical curves calculated using the microscopic equations of Usadel; this fitting procedure gives reduced lengths for the bridges. The intrinsic response time of these structures has been determined, and the dependence of this time on both the reduced lengths and on the temperature is found to be in agreement with predictions based on time-dependent Ginzburg-Landau theory.
PACS numbers: 85.25. + k, 74.50. + r Planar thin-film superconducting microbridges (Josephsonjunctions) have long been proposed as useful active elements in low-noise rf devices and, more recently, in interferometric logic elements; but despite strenuous efforts in the last few years, microbridge performance has fallen far short of that achieved by superconducting point contacts. In an effort to understand and overcome the reasons for this inferior performance, we have produced microbridges in which the bridge regions are made from a normal metal. Because the bridges are nonsuperconducting, these structures have the desirable feature that the depression of the order parameter and the resultant phase winding occur only in the bridges; the phase and magnitude of the order parameter are essentially constant in the banks, and, consequently, the proper theoretical treatment of these gapless microbridges is greatly simplified. We have made many of the bridges very small (200 nm wide by 200 nm long by 60 nm thick.) The bridges' narrowness guarantees a homogeneous current distribution across the widths of the bridges as well as resistances between 0.3 and 0.1 n. In addition, the bridge films have a thickness a factor of 3 thinner than the bank films' thickness; this has greatly alleviated the heating problems which have plagued many other types of micro bridges. " Research supported by ONR.
All of the above characteristics should have resulted in microbridges with good performance; judged by the behavior of our microbridges under low-frequency microwave radiation, we have found this to be the case; but we have also discovered an intrinsic relaxation time which significantly limits the response of these structures. This observed microbridge relaxation time has been found to be in at least semiquantitative agreement with one-dimensional time-dependent Ginzburg-Landau predictions. In this letter, we report on our measurements of this intrinsic response time, including the first direct determination of its dependence on the length of the bridge as well as on the temperature.
Pb-Cu-Pb microbridges were prepared using electronbeam lithography and the lift-off technique. First, a thin (60 nm) narrow line of copper was deposited on the sapphire substrate, and a resist stencil for the banks was laid over the top. A neutralized ion beam was used to clean the exposed copper (removing about 5 nm), and then, without breaking the vacuum, a lead film (150 nm) was deposited. Nb-Cu-Nb microbridges were also prepared, but in this case the niobium film was sputtered directly onto the copper and the gap in the niobium banks was produced by sputter etching. The resulting structures had copper bridges about 20 nm thick with niobium banks about 60 nm thick. The Pb-Cu-Pb mi- crobridges performed much better than the Nb-Cu-Nb microbridges, a result which is due in part to the fact that the former had copper bridges three times thicker than the latter, resulting in a much larger coherence length in the former. Figure 1 shows a set of low-voltage current-voltage (I-V) characteristics for one of the shortest microbridges (PbCu-13). These 1-V curves have certain features which are characteristic of all of the shorter Pb-Cu-Pb microbridges which we have produced. Between two essentially temperature-independent voltages, Vlower and V upper (not shown), the curves are straight lines with slope Ro. 1 Except for temperatures very close to the critical temperature, the slope of this straight-line portion of the 1-V characteristic is independent of temperature. We have used the value of Ro as the normal-state resistance of the junction. If extrapolated to zero voltage these straight lines do not pass through the origin; i.e., there is an excess current. Except for temperatures extremely close to T e , this excess current is o a:
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. only weakly dependent on temperature. Below about O.ST fTe the magnitude of this excess current becomes constant, independent of the temperature; there is no simple correlation to be found between the magnitUde of this excess current and Ie. This appears to be in strong disagreement with the explanations for the excess current of Likharev and Yakobsen 2 and Baratoff and Kramer.3 Below the onset voltage Vlower the shape of the 1-V curve can be classified by two different temperature regimes. At high temperatures the 1-V is nonhysteretic, leaving the zero-voltage axis with an upward curvature and having a change in curvature ("bump") just below ~ower' At low temperatures the curves first exhibit switching between the zero-and finite-voltage states and then, at still lower temperatures, become hysteretic; the importance of this hysteresis as a guide in understanding these structures will be explained after a discussion of the temperature dependence of the critical current. Figure 2 plots the critical current -resistance (I,Ro) product versus reduced temperature for four microbridges. (All of our Pb-Cu-Pb samples had a Te of 7.26 K.) The I,Ro product is on a logarithmic scale, and the lack of a straightline low-temperature fit to the curves of the shorter bridges shows that the critical current ofSNS systems is not always proportional to the exponential of a simple power of T. This is in disagreement with results obtained on layered SNS structures,··5 but is in accord with theoretical predictions. Likharev 6 has calculated the temperature dependence of the /fio product of this type of structure using the microscopic equations developed by Usadel, 7 We have duplicated his calculations in order to obtain an accurate fit to our data. Usadel's equations give a coherence length s(T) = (lwfl/61TkTYI2(v f is the Fermi velocity of the bridge metal and A is the electron mean free path in the bridge) which allows one to characterize a given sample by its length in units of the coherence length at the critical temperature of the banks: I = L I s(Tc banks). Figure 2 shows the calculation for I = S.2 plotted on the data for pb-eu-l3. The fit is quite good below about O.6T ITc. This appears to be the first unambiguous demonstration of the validity of the Usadel equations.
The fit of the theory to the data is not as good at high temperatutes, but this is to be expected since this theory ignores the effect of the bridge in reducing the order parameter in the banks, an effect which is non-negligible close to T e . 8 We found in fitting the theory to the data that for the shortest samples the best fit, as far as the slope was concerned, was obtained by slightly increasing the value used for Ro. We feel this is justified since the measured Ro for a very short bridge might not represent the resistance of the bridge in the absence of the banks. Table I gives our fitting parameters, with I being the reduced length and R f the sample resistance used to obtain the best fit.
As previously mentioned, the /-V curves at low temperatures first exhibit switching and then become hysteretic. This behavior can be characterized by a return voltage V R and a return current / R' as shown in Fig. 1 . For a given sample both 1 R and V R become constant at low temperatures, with limiting values about twice the values at which hysteresis first becomes apparent. Figure 3 shows a plot of / RRo as a function of temperature, beginning at the point where switching is first observed. Table I has the low-temperature values of these constants; note that for a given sample V R and Vlower have nearly the same value. This temperature independence of these parameters is not found when microbridges composed solely of superconducting components exhibit hysteresis.
There have been three theories advanced to explain hysteresis in Josephson weak links. The first, capacitive shunting,9 can be ruled out immediately since the planar geometry of these structures is far too small to accoun t for the observed hysteresis. The second, Ohmic heating, can give rise to hysteresis, but Skocpol et al. to have shown that in the heating modell R is proportional tol ~/2, which is certainly in contradiction to our data. In addition, the variable-thickness geometry of our samples reduces heating effects, particularly at the quite low power levels that are of concern here. That the bridges are well cooled is experimentally verified by the fact that we have observed ac Josephson steps up to voltages in excess of 2 m V when in an applied microwave field of 10 GHz. The third possibility, and the one which we believe is the appropriate one for our samples, is that the hysteresis is caused by relaxation-time effects; this explanation has been proposed by Songll and has been developed in a time-dependent Ginzburg-Landau (TDG L) framework by Baratoff and Kramer (BK) . J In the TDGL theory, the relaxation time for a normal metal is given bt 2 l' GL ;= trlilSk (T -Te bridge) = trlilSkT since Tc bridge = 0 for our normal-metal bridges. For a microbridge of length L the effective relaxation time is 1'elf = [L Is(T)]21' GL = f2trlilSkT c . This1'elfisessentially the time required for electron pairs to diffuse through the gapless normal-metal bridge. Apart from its absolute numerical value, Telfhas two features which are readily accessible to experimental measurement: its dependence on reduced length I and its independence of temperature. BK have shown that, within the TDGL theory, the /-V characteristic should become hysteretic when the Josephson period becomes sufficiently less than the effective relaxation time, i.e., when TJS 1'errlrwhere 1'J = -/t/2e/fio and ris a numerical constant. In this calculation, which was limited to the case of a gapless superconducting microbridge with I = I, BK found r = 38. This result has been subsequently verified by analog simulationY BK also showed that when r> 38 the ac supercurrent in the weak link decreases very rapidly as / increases above / c' Since for SNS microbridges 1'elfis temperature independent and l' J is strongly temperature dependent, with a given sample one could expect to be able to go from a high-temperature (1'J>1'eff) nonhysteretic regime to a low-temperature (TJ<T elf ) hysteretic regime, with the crossover point being determined by the effective length of the bridge. This is what we observe. In all cases we find that when r( = 1'elf/TJ)~ I switching begins, when r~2 hysteresis begins to appear, and when r~ 5, the hysteresis is fully developed with a temperature-independent return current / R' We have characterized our samples by the quantity r R' where
Values of r R for four different microbridges are given in Table I . Although there is considerable variation in /RRo(max) and I, r R is found to be only very weakly dependent on length.
Our results disagree with the TDGL calculations in that the measured critical value of r for the onset of hysteresis is considerably less than 38. Since the model conditions assumed in those calculations are not exactly the same as those in our samples, this disagreement is not surprising. Numerical calculations specifically applicable to long SNS microbridges are required in order to determine whether or not there actually is a significant disagreement with the TOG L theory.
We wish to thank A. Kleinsasser for the use of his He l cryostat. ' In this letter we will consider only the low-voltage (V < Vuppec) portion of
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In our paper, a line of type was omitted from the caption of Fig. 2 . The correct caption reads: Photographic images produced on Polaroid 410 film at film plate FP (see Fig. 1 ) by a single laser pulse. (a) Upper plate is from arrangement of 
